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This  paper  deals  with  a  review  of  the  main  research  aspects  concerning  the  formulation  of  the 
parameters  indicating  the  characteristics  and  performance  of  thermoelectric  cooling  devices,  with 
particular  reference  to  a  number  of  recent  publications.  The  specific  aspects  addressed  include  some 
practical  considerations  referring  to  the  thermoelectric  figure  of  merit,  the  characterization  of  the 
cooling  capacity,  and  the  assessment  of  the  coefficient  of  performance  (COP).  The  contribution  of  this 
paper  starts  by  categorizing  the  topics  addressed  by  recent  review  papers,  showing  that  these  reviews 
generally  had  a  wide  focus  and  provided  little  specific  details  on  thermoelectric  cooling  parameters  and 
performance.  Then,  the  dimensionless  thermoelectric  figure  of  merit  is  addressed  by  focusing  on  its 
conventional  and  modified  definitions  and  indicating  the  values  obtained  for  different  thermoelectric 
cooling  materials.  Furthermore,  the  expressions  of  the  cooling  capacity  for  single-stage  and  multi-stage 
thermoelectric  coolers  are  reviewed.  Concerning  the  COP,  its  dedicated  expressions  are  constructed 
starting  from  the  classical  formulation  and  introducing  additional  factors  or  modifications  in  order  to 
take  into  account  the  Thomson  effect,  the  dependence  on  temperature  of  the  thermoelectric  materials, 
and  the  effects  of  the  electrical  contact  resistance,  thermal  resistance,  thermoelement  length  and 
current.  Finally,  on  the  basis  of  the  indications  taken  from  the  literature,  further  considerations  are 
included  on  the  COP  values  found  in  thermoelectric  cooling  applications,  as  well  as  on  how  to  obtain  COP 
improvements. 
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1.  Introduction 

The  thermoelectric  devices  used  in  thermoelectric  refrigeration 
(or  thermoelectric  coolers)  are  based  on  the  Peltier  effect  to 
convert  electrical  energy  into  a  temperature  gradient  [1],  A 
conventional  thermoelectric  cooler  is  composed  of  a  number  of 
N-type  and  P-type  semiconductor  junctions  connected  electrically 
in  series  by  metallic  interconnects  (conducting  strips,  in  general 
made  of  copper)  and  thermally  in  parallel,  forming  a  single-stage 
cooler  [2],  If  a  low-voltage  DC  power  source  is  applied  to  a 
thermoelectric  cooler,  heat  is  transferred  from  one  side  of  the 
thermoelectric  cooler  to  the  other  side.  Therefore,  one  face  of  the 
thermoelectric  cooler  is  cooled  and  the  opposite  face  is  heated. 

Fig.  1  depicts  a  thermoelectric  cooling  module  considered  as  a 
thermoelectric  refrigerator,  in  which  the  electrical  current  flows 
from  the  N-type  element  to  the  P-type  element  [3],  The  tempera¬ 
ture  Tc  of  the  cold  junction  decreases  and  the  heat  is  transferred 
from  the  environment  to  the  cold  junction  at  a  lower  temperature. 
This  process  happens  when  the  transport  electrons  pass  from  a 
low  energy  level  inside  the  P-type  element  to  a  high  energy  level 
inside  the  N-type  element  through  the  cold  junction.  At  the  same 
time,  the  transport  electrons  carry  the  absorbed  heat  to  the  hot 
junction  which  is  at  temperature  Th.  This  heat  is  dissipated  in  the 
heat  sink,  whilst  the  electrons  return  at  a  lower  energy  level  in  the 
P-type  semiconductor  (the  Peltier  effect).  If  there  is  a  temperature 
difference  between  the  cold  junction  and  hot  junction  of  N-type 
and  P-type  thermoelements,  a  voltage  (called  Seebeck  voltage) 
directly  proportional  to  the  temperature  difference  is  generated 
[4,5].  The  other  parameters  appearing  in  Fig.  1  are  introduced  in 
Section  3.2. 

The  quality  of  a  thermoelectric  cooler  depends  on  parameters 
such  as  the  electric  current  applied  at  the  couple  of  N-type  and  P- 
type  thermoelements,  the  temperatures  of  the  hot  and  cold  sides, 
the  electrical  contact  resistance  between  the  cold  side  and  the 
surface  of  the  device,  the  thermal  and  electrical  conductivities  of 
the  thermoelement,  and  the  thermal  resistance  of  the  heat  sink  on 
the  hot  side  of  the  thermoelectric  cooler  [6],  The  number  of 


thermoelements  in  a  thermoelectric  module  mainly  depends  on 
the  required  cooling  capacity  and  the  maximum  electric  current  [7], 

The  characteristics  and  performance  of  a  thermoelectric  refrig¬ 
erator  are  described  by  parameters  like  the  figure  of  merit,  the 
cooling  capacity,  and  the  coefficient  of  performance  [4],  This 
review  is  specifically  focused  on  these  parameters,  addressing 
the  concepts  in  a  different  way  with  respect  to  various  review 
papers  appearing  on  thermoelectric  cooling  in  the  past  years. 
Specific  aspects  such  as  thermoelectric  cooling  system  design, 
experimental  assessment,  numerical  analysis  and  simulation  are 
outside  the  scope  of  this  review. 

The  remainder  of  this  paper  is  organized  as  follows.  Section  2 
presents  a  synthetic  overview  of  recent  review  papers  dedicated  to 
aspects  relevant  to  thermoelectric  materials,  applications  and 
parameters.  Section  3  recalls  the  basic  definitions  of  figure  of 
merit,  cooling  capacity,  and  coefficient  of  performance.  Section  4 
addresses  some  analytical  formulations  and  experimental  results 
referring  to  the  thermoelectric  figure  of  merit.  Section  5  presents 
an  assessment  of  the  relevant  concepts  and  literature  concerning 
the  cooling  capacity.  Section  6  deals  with  the  coefficient  of 
performance,  starting  from  its  classical  expression  and  introducing 
specific  formulations  including  the  impact  of  the  Thomson  effect, 
the  dependence  on  temperature  of  the  characteristics  of  the 
materials,  the  effect  of  electrical  contact  resistances  and  thermal 
resistances  on  the  COP,  with  some  indications  on  COP  improve¬ 
ment.  The  last  section  contains  the  concluding  remarks. 


2.  Overview  of  recent  literature  reviews 

A  summary  of  recent  review  papers  is  provided  in  Table  1. 
The  relevant  topics  addressed  are  categorized  into  general  aspects, 
applications  and  parameters,  to  show  that  generally  these  reviews 
had  a  wider  scope  and  dedicated  a  relatively  limited  space  to  the 
details  referring  to  thermoelectric  cooling  parameters  and  formu¬ 
lations  of  the  performance  indicators. 

2.1.  Reviews  of  thermoelectric  materials 

The  first  section  of  topics  addressed  in  some  review  papers 
concerns  the  thermoelectric  materials.  A  related  contribution  is 
found  in  [8],  providing  specific  insights  into  the  development  of 
complex  high-efficiency  materials.  Bell  [9]  addresses  the  charac¬ 
teristics  of  the  thermoelectric  materials  and  their  potential  to  be 
used  in  various  applications  for  power  generation  and  in  house¬ 
holds,  depending  on  the  average  ZT  value  that  can  be  reached,  and 
on  the  possibility  of  replacing  with  thermoelectric  systems  the 
cooling  systems  using  cooling  agents  with  high  greenhouse  gas 
impact.  Tassou  et  al.  [10]  review  the  technologies  for  food 
refrigeration,  focusing  in  part  on  thermoelectric  refrigeration. 
Brown  and  Domanski  [11]  review  several  technologies,  with 
sorption  cooling,  desiccant  cooling,  magnetic  cooling,  thermoa¬ 
coustic  cooling,  thermoelectric  cooling,  and  transcritical  C02  cycle 
being  discussed  in  some  detail.  The  potential  of  each  technology  to 
reach  market  viability  and  compete  with  other  equipment 
for  cooling  in  the  next  twenty-year  period  is  addressed.  Recent 
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Nomenclature 

ZT 

dimensionless  figure  of  merit 

AT 

temperature  difference  [X] 

VT 

thermal  gradient  [X] 

a 

Seebeck  coefficient  [V/K] 

COP 

coefficient  of  performance 

X 

thermal  conductivity  ratio 

DC 

direct  current 

r 1 

efficiency 

PCM 

phase  change  material 

P 

electrical  resistivity  [32  m] 

PV 

photovoltaic 

electrical  conductivity  [S/m] 

T 

Thomson  coefficient  [V/K] 

Symbols 

Subscripts 

k 

thermal  conductivity  [W/m  K] 

1 

thermoelement  length  [m] 

a 

ambient 

n 

electrical  resistivity  ratio  [m] 

c 

cold  side 

P 

pairs  of  semiconductors 

d 

flow  from  the  hot  junction  to  the  cold  junction 

Q 

cooling  capacity  per  unit  area  [W /m2] 

e 

electrical 

r 

contact  resistance  per  unit  area  [Q/m2] 

g 

heat  pumping  at  the  cold  junction 

X 

linear  coordinate  [m] 

h 

hot  side 

y 

thickness  of  the  contact  layers  [m] 

stage 

z 

figure  of  merit  of  the  thermoelectric  materials  [X-1] 

j 

junction 

B 

normalized  temperature  dependence  of  electrical 

m 

module 

resistivity  [X-1] 

max 

maximum 

I 

electric  current  [A] 

p 

pair 

K 

thermal  conductance  [W/I(] 

r 

relative 

M 

number  of  stages  of  a  module 

v 

modified  relative 

N 

number  of  thermoelements 

B 

normalized  temperature  dependence 

Pe 

electrical  power  [W] 

C 

a 

heat  flux  [W] 

J 

joule 

Qc 

cooling  capacity  [W] 

M 

multi-stage  module 

R 

thermal  resistance  [K/W\ 

N 

N-type  semiconductor 

Re 

electrical  resistance  [£2] 

P 

P-type  semiconductor 

S 

cross-section  [m2] 

e 

electronic  component 

T 

absolute  temperature  [X] 

rp 

phonon  (or  lattice)  component 

T 

average  temperature  [K] 

Z 

thermoelectric  figure  of  merit  [X-1] 

reviews  of  thermoelectric  material  types  and  properties  are  pre¬ 
sented  in  [12,13], 

2.2.  Reviews  on  thermoelectric  applications 

A  number  of  reviews  deal  with  different  types  of  applications. 
Simons  and  Chu  [14]  discuss  a  review  about  thermoelectric  cooling 
and  its  application  to  the  cooling  of  electronic  equipment.  They 
describe  the  modern  developments  and  the  definition  of  the  main 
thermoelectric  cooling  equations,  concluding  that  the  thermo¬ 
electric  coolers  are  not  appropriate  for  high  performance  electro¬ 
nic  cooling  applications  due  to  thermoelectric  materials  having 
parameters  like  figure  of  merit  Z  and  COP  not  good  enough.  Riffat 
and  Ma  [15]  review  thermoelectric  devices  and  their  applications. 
They  describe  the  importance  of  the  thermoelectric  coolers  for 
niche  applications  (under  25  W)  where  the  cooling  demand  is 
limited  (e.g.,  cooler  boxes)  or  the  energy  cost  is  not  the  main  issue 
(e.g.,  military  applications).  Furthermore,  thermoelectric  devices 
are  considered  of  interest  for  domestic  refrigerators,  in  spite  of 
their  small  COP,  to  replace  other  solutions  with  higher  environ¬ 
mental  impact.  Xi  et  al.  [16]  address  thermoelectric  refrigeration 
powered  by  solar  cells,  highlighting  the  relatively  small  value  of 
the  total  efficiency  (less  than  6%)  obtained  for  the  total  system. 

Tassou  et  al.  [10]  specify  the  characteristics  and  COP  of  proto¬ 
type  domestic  refrigerators  of  large  capacity  and  refrigerator- 
freezers.  A  recent  review  [17]  deals  with  the  design  and  develop¬ 
ment  of  new  thermoelectric  refrigeration  and  space  conditioning 
systems,  presenting  the  facilities  and  cost-effectiveness  provided 


by  the  thermoelectric  cooling  system  over  the  conventional  cool¬ 
ing  system.  The  authors  develop  and  design  an  experimental 
thermoelectric  refrigerator  with  a  refrigeration  space  of  1 1  capa¬ 
city,  obtaining  a  COP  of  0.1.  The  thermoelectric  cooling  systems 
have  an  efficiency  of  5-15%  compared  with  the  efficiency  of 
40-60%  achieved  by  conventional  compression  cooling  systems. 

The  advances  in  household  appliances  are  reviewed  in  [18], 
again  pointing  out  that  the  performance  of  thermoelectric  domes¬ 
tic  refrigerator  is  much  lower  than  that  of  the  conventional  vapor 
compression  technology.  The  result  of  the  single  food  compart¬ 
ment  studied  in  [19],  maintained  at  5  °C  and  obtaining  a  COP  of 
0.45  at  a  temperature  increase  of  19  °C  is  seen  as  an  interesting 
application  outcome. 

An  extensive  review  on  the  methods  about  solar  refrigeration 
and  cooling  systems  for  the  production  of  cooling  energy  is 
provided  in  [20],  The  authors’  conclusion  is  that  a  liquid  desiccant 
system  (consisting  of  a  conditioner  and  a  regenerator)  leads  to  a 
thermal  COP  higher  than  for  a  solid  desiccant  system  (built  by 
melting  a  thin  layer  of  desiccant  material  like  silica  gel  on  a 
support  structure).  Furthermore,  it  is  remarked  that  solar  hybrid 
cooling  systems  obtain  higher  capacity  and  better  thermal  COPs. 
Elsheikh  et  al.  [12]  discuss  a  review  of  thermoelectric  renewable 
energy,  mainly  focusing  on  basic  parameters  that  affect  thermo¬ 
electric  efficiency  (dimensionless  figure  of  merit  ZT),  applications 
of  thermoelectric  devices  as  coolers  (cooling  electronic  devices, 
refrigerators  and  air  conditioners)  and  thermoelectric  devices  for 
power  generation.  Zhao  and  Tan  [13]  review  thermoelectric  cool¬ 
ing  applications  for  refrigeration,  electronic  cooling,  automobile 


cooling,  air  conditioning  and  hybrid  thermoelectric-photovoltaic 
modules. 

2.3.  Reviews  on  thermoelectric  parameters 

A  few  reviews  address  the  specific  aspects  of  the  formulation  of 
the  main  thermoelectric  parameters.  Riffat  and  Ma  [3]  review  the 
COP  improvement  of  thermoelectric  cooling  systems  according  to 
the  progress  of  new  materials  for  thermoelectric  modules,  opti¬ 
mization  of  module  system  design  and  development  of  the  heat 
exchange  efficiency.  Their  contribution  shows  that  the  thermoele¬ 
ment  size  affects  the  COP  of  the  thermoelectric  module,  with  a 
large  COP  value  obtained  for  a  long  thermoelement.  It  is  indicated 
that  a  reduction  of  the  contact  resistances  is  essential  for  improve¬ 
ment  of  both  COP  and  cooling  capacity.  In  addition,  design  aspects 
are  discussed  by  specifying  new  methodologies  of  analysis  for 
designing  high-performance  thermoelectric  cooling  systems. 
These  methodologies  include  the  use  of  the  flow  equations  for 
non-dimensional  entropy  to  identify  the  parameters  correspond¬ 
ing  with  the  maximum  COP,  the  characterization  of  the  internal 
and  external  irreversibilities  through  a  specific  parameter,  as  well 
as  the  utilization  of  multi-stage  thermoelectric  modules  leading 
to  the  COP  improvement  for  large  temperature  differences. 
The  contribution  presented  in  [12]  recalls  the  fundamental  con¬ 
cepts  and  reviews  a  number  of  recent  developments  referring  to 
experimental  and  theoretical  progress  on  the  parameters  charac¬ 
terizing  thermoelectric  refrigeration. 


The  thermoelectric  figure  of  merit  Z  indicates  if  a  material  is  a 
good  thermoelectric  cooler.  It  depends  on  three  material  para- 


resistivity  p  (or  electrical  conductivity  a=  1  /p), 
it  a  and  total  thermal  conductivity  k  between  the 


0) 


Considering  the  absolute  temperature  T  (which  represents  the 
mean  temperature  between  the  cold  side  and  hot  side  of  the 
thermoelectric  module),  a  widely  used  parameter  is  the  dimen¬ 
sionless  product  ZT. 

An  alternative  expression  of  Z  takes  into  account  the  electrical 
resistance  R  of  the  thermoelements  in  series  and  the  thermal 
conductance  K  of  the  thermoelements  in  parallel  [21]: 


3.2.  Cooling  capacity 

The  cooling  capacity  Qc  results  from  the  energy  balance  at  the 
cold  side  of  the  thermoelectric  refrigerator: 


(3) 


•  Qg  is  the  thermoelectric  heat  pumping  at  the  cold  junction, 
depending  on  the  Seebeck  coefficient  a  (useful  to  determine 


the  performance  of  thermoelements  and  Peltier  elements, 
characterizes  the  electronic  structure  of  materials  as  well  as 
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their  thermoelectric  properties),  the  input  current  /  and  the 
temperature  of  the  cold  junction  Tc. 

•  Qd  is  the  heat  flow  conducted  from  the  hot  junction  to  the  cold 
junction  which  depends  on  the  thermal  conductance  K  of  the 
thermoelements  in  parallel,  and  the  temperature  difference 
between  hot  and  cold  sides,  AT  =  Th- Tc. 

•  Qj  =  RI2  is  the  Joule  heat,  which  depends  on  the  electrical 
resistance  Re  of  the  thermoelements  in  series  and  the  input 
current  /. 


3.3.  Coefficient  of  performance 


increased  with  the  Seebeck  coefficient,  while  the  cooling  capacity 
of  the  heat  sink  becomes  narrow. 

Ju  and  Ghosal  [26]  present  a  theoretical  analysis  in  order  to 
describe  the  behavior  of  thermoelectric  microrefrigerators 
depending  on  thermal  and  electrical  contact  resistances,  boundary 
Seebeck  coefficient,  and  heat  sink  conductance.  Their  study  is 
carried  out  for  observing  whether  the  thermal  interface  resistance 
has  advantageous  or  disadvantageous  effects  on  the  refrigerator 
performance.  They  change  the  conventional  definition  of  the 
figure  of  merit  by  considering  the  minimum  temperature  that 
can  be  found  at  the  cold  junction  for  given  values  of  COP  and 
temperature  increase  that  would  result  without  the  presence  of 
the  thermoelectric  cooler,  obtaining  the  following  modified  form: 


The  coefficient  of  performance  COP  is  the  ratio  between  the 
cooling  capacity  Qc  and  the  electrical  power  consumption  Pe 


(4) 


7T  _  «2g  1+COP  T 
k  1+2COP 


4.2.  Figure  of  merit  and  materials 


(7) 


where  the  electrical  power  consumption  of  the  thermoelectric 
refrigerator  is  given  by 

Pe=ReI2+aIAT  (5) 

Qj 

The  electrical  power  consumption  Pe  in  the  thermoelement  is 
the  Joule  resistance  heating  plus  the  work  done  in  driving  the 
current  through  the  thermoelement  against  the  Seebeck  voltage 
caused  by  the  temperature  change  [22], 


4.  The  thermoelectric  figure  of  merit 


Many  researches  about  the  figure  of  merit  were  carried  out 
in  the  material  science  domain.  The  figure  of  merit  of  a  material 
depends  on  its  electronic  structure  [27],  The  three  classes  of 
materials  (metals,  semiconductors,  and  insulators)  can  be  char¬ 
acterized  by  zero,  small  and  large  band  gaps,  respectively.  To 
optimize  the  materials  or  compounds  for  thermoelectric  applica¬ 
tions,  some  key  aspects  are  the  maximization  of  the  figure  of  merit 
and  the  optimization  of  some  parameters  of  the  material.  In 
particular,  ZT  maximization  can  be  achieved  through  both  max¬ 
imization  of  the  power  factor  a2 a  and  minimization  of  the  thermal 
conductivity  k,  as  indicated  in  [28], 

Riffat  and  Ma  [3]  report  in  their  review  that 


4.1.  Practical  considerations  on  the  dimensionless  figure  of  merit 


Starting  from  the  formulation  indicated  in  (1),  the  dimension¬ 
less  figure  of  merit  ZT  is  expressed  as 


7T  -  — I.  -  a2f7T 


(6) 


where 

the  term  k  =  kv+ke  is  the  total  thermal  conductivity,  composed 
of  the  phonon  (or  lattice)  component  kv>  and  the  electronic 
component  ke;  the  product  a2 a  is  called  the  electrical  power 
factor  and  depends  on  the  Seebeck  coefficient  a  and  on  the 
electrical  conductivity  a  [8], 

In  practice,  ZT  represents  the  efficiency  of  the  N-type  and  P- 
type  materials  which  compose  a  thermoelement.  A  thermoelectric 
material  having  a  higher  figure  of  merit  ZT  is  more  convenient,  as 
it  can  carry  out  higher  cooling  power  or  temperature  drop. 

The  value  of  the  figure  of  merit  is  about  1  in  the  thermoelectric 
cooling/heating  modules  and  about  0.25  in  the  air-conditioning 
applications  with  efficiency  similar  to  the  one  of  a  classical  system 
which  uses  the  R-134A  cooling  agent  [9],  The  efficiency  of  the  ideal 
thermoelectric  system  increases  nonlinearly  with  ZT.  To  double 
the  efficiency,  ZT  has  to  increase  to  about  2.2,  and  for  obtaining  a 
fourfold  increment  (to  equal  the  efficiency  of  the  two-phase 
refrigerants)  ZT  has  to  increase  to  about  9.2  [9],  In  order  to  exhibit 
comparable  performance  with  respect  to  the  vapor  compression 
chillers,  Gauger  et  al.  [23]  and  Hermes  and  Barbosa  [24]  report 
that  ZT  has  to  increase  from  a  value  of  the  order  of  unity  to  3-4. 
However,  even  if  ZT  is  relatively  low,  thermoelectric  cooling  can  be 
particularly  useful  in  practical  applications  because  it  has  no 
moving  parts  and  has  low  noise.  The  figure  of  merit  affects  both 
the  maximum  temperature  difference  A Tmax  that  can  be  achieved 
and  the  maximum  COP  (see  Section  6).  Moreover,  Gupta  et  al.  [25] 
indicate  that  the  figure  of  merit  of  thermoelectric  modules  can  be 


•  bismuth  telluride  (Bi2Te3),  which  is  the  best  low-temperature 
thermoelectric  material,  has  a  maximum  value  of  ZT  =  1  [29]; 

•  if  ZT  is  increased  to  2  or  3,  the  thermoelectric  cooling  device 
would  be  competitive  with  vapor  compression  cooling 
systems; 

•  if  ZT  is  increased  to  6,  the  thermoelectric  devices  would  be  able 
to  cool  to  cryogenic  temperature  (77  K)  from  room 
temperature. 

Current  thermoelectric  devices  are  considered  to  be 

•  inefficient  when  ZT  is  about  1 ; 

•  able  to  recover  waste  heat  when  ZT  =  2; 

•  able  to  match  a  refrigerator  when  ZT  =  4/5  [9], 

Thermoelectric  materials  with  a  high  figure  of  merit  (ZT  >  1) 
can  be  classified  as  bulk  materials  and  nanostructured  materials. 
These  materials  have  good  electrical  properties  and  low  thermal 
conductivities  [30],  In  order  to  improve  the  figure  of  merit, 
references  [31-34]  report  some  research  contributions  on  some 
super-lattice  and  alloys  of  different  materials.  Chowdhury  et  al. 
[35]  have  reduced  the  temperature  of  a  1300  W/cm2  ‘hot  spot’  on  a 
test  chip  with  about  7.3  °C  by  combining  both  high  figure  of  merit 
(ZT  >2)  of  a  thermoelectric  material  and  low  electrical  contact 
resistivity.  In  the  past  years,  some  improvements  of  the  figure  of 
merit  ZT  have  been  made  (e.g.,  ZT  =  2.4  in  the  thin  film  of  Bi2Te3 
and  Sb2Te3),  as  reported  in  [36].  Zheng  [27]  carried  out  a 
comparison  of  thermoelectric  properties  of  metals,  semiconduc¬ 
tors  and  insulators  at  300  K,  establishing  that  insulators  with  a 
large  band  gap  have  the  smallest  figure  of  merit  (ZT  =  5  x 
10-17  K-1)  in  comparison  with  metals  (ZT  =  3  x  10-6  K_1)  and 
semiconductors  (ZT  =  2  x  10-3  K_1). 

The  figure  of  merit  of  a  semiconductor  material  limits  the 
temperature  difference  between  the  hot  and  cold  junctions,  while 
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the  length-to-area  ratio  for  a  N-type  and  P-type  semiconductor 
material  defines  the  cooling  capacity  [37],  Further  information 
about  strategies  for  improving  thermoelectric  efficiency,  namely, 
addressing  the  figure  of  merit  for  thermoelectric  performance,  can 
be  found  in  [27], 

Conventionally,  thermoelectric  cooling  materials  are  bulk  solid 
solution  alloys  of  Bi2Te3,  Bi2Se3,  and  Sb2Te3,  with  the  best  materials 
having  ZT  of  about  1.0  [37,38],  The  value  of  ZT  can  be  enhanced  by 
using  materials  with  higher  Seebeck  coefficient,  increased  elec¬ 
trical  conductivity  and  reduced  thermal  conductivity.  However, 
the  needed  changes  of  these  properties  may  be  in  contrast  with 
each  other  [38].  Guyer  [39]  and  Riffat  and  Ma  [15]  specify  that  the 
bismuth  telluride  which  is  a  pseudo-binary  alloy  (Bi,Sb)2(Se,Te)3  is 
one  of  the  most  used  thermoelectric  materials  in  refrigeration 
applications,  which  works  in  the  temperature  range  - 120  °C  to 
230  °C.  Harman  et  al.  [38]  observe  that,  for  room  cooling,  thermo¬ 
electric  materials  are  better  than  bulk  (Bi,Sb)2(Se,Te)3  solid  solu¬ 
tion  alloy  material,  due  to  the  ZT  values  in  the  range  of  1.3  to  1.6  at 
room  temperature.  Vikhor  and  Anatychuk  [40]  present  a  method 
for  computing  the  maximum  temperature  difference  A Tmax  of 
segmented  coolers.  Using  two  or  three  sections  of  materials  with 
optimized  parameters,  an  increment  of  about  3-4  K  in  the  max¬ 
imum  temperature  difference  of  the  thermoelement  made  of  BiTe 
is  obtained,  in  comparison  with  the  maximum  temperature 
difference  A Tmwl  of  the  cooler  having  Z=3.2  x  10-3  K_1  at 
300  K.  This  temperature  difference  rises  to  7-8  K  in  comparison 
with  the  maximum  temperature  difference  A Tmax  of  the  thermo¬ 
elements  made  of  materials  havingZ  =  2.95  x  10-3  K_1. 


5.  Characterization  of  the  cooling  capacity 

5.1.  Cooling  capacity  for  a  single  thermoelectric  cooler 


The  expression  of  the  cooling  capacity  per  unit  area  q,  taking 
into  account  thermal  and  electrical  contact  resistances,  depends 
on  the  thermoelement  length  /  of  the  module,  as  reported  in  [2,21  ] 


_  Qc  _  k(ATmax-AT) 

9  s  i+2Xy+(xy/coP) 


(8) 


where  y  is  the  thickness  of  the  contact  layers  (see  Fig.  2),%  is  the 
ratio  between  the  thermal  conductivity  of  the  thermoelements 
and  the  thermal  conductivity  of  the  contact  layers,  and 
ATmax  =  ZTj /2  is  the  maximum  temperature  difference  of  a 
module  when  the  cooling  capacity  is  zero. 

In  practice,  starting  from  a  relatively  long  thermoelement  (e.g., 
over  1.5  mm)  and  reducing  the  thermoelement  length,  the  cooling 
capacity  at  first  grows  until  it  reaches  a  maximum  value,  then  it 
starts  decreasing.  Furthermore,  for  long  thermoelements  the 
contact  resistances  have  a  little  effect  on  the  cooling  capacity, 
while  for  short  thermoelements  the  cooling  capacity  could  change 


Fig.  2.  Representation  of  the  thermoelectric  module  with  indications  of  the 
lengths  used. 


considerably  by  improving  the  contact  resistances.  A  case  in  which 
the  cooling  capacity  is  doubled  for  a  thermoelement  with  length  of 
0.3  mm  through  dividing  by  two  the  thermal  contact  parameter^ 
is  reported  in  [2], 

In  the  approach  proposed  in  [41],  analytical  solutions  are 
provided  to  express  the  cooling  capacity  in  function  of  the 
junction  temperature  Tj  and  of  the  electric  current  /,  by  simplifying 
the  thermal  balance  equations,  for  a  thermoelectric  device  and  for 
a  thermoelectric  module.  In  the  latter  case,  the  expression 
obtained  is  as  follows: 

„  Tj[a^I2Rha  -  aml  -  Km]+KmTa+(Reml2/2)(2KmRh,a  -  amlRh,a  + 1) 

***  (amIRh,a-mamIRj,c--l)-Km(Rh,a+Rj,c)  1  ’ 

where  N  is  the  number  of  thermoelements  forming  the  module,  S 
is  the  cross-section,  Ta  is  the  ambient  temperature,  Rjc  is  the 
junction-to-cooler  thermal  resistance,  Rha  is  the  hot  side  to 
ambient  thermal  resistance,  Rem  =  2 Npl/S  is  the  electrical  resis¬ 
tance  of  the  module,  Km  =  2NI<S/l  is  the  thermal  conductance  of 
the  module,  and  am  =  2Na  is  the  Seebeck  coefficient  of  the 
module.  The  expressions  obtained  are  used  to  solve  the  optimiza¬ 
tion  of  the  thermoelectric  cooler  performance  without  requiring 
an  iterative  procedure.  Results  are  shown  on  thermoelectric  cool¬ 
ers  with  different  cooling  capacity. 

Huang  et  al.  [42]  develop  a  novel  model  to  predict  the  cooling 
capacity  by  analyzing  the  performance  of  a  thermoelectric  water¬ 
cooling  device  for  electronic  equipment.  According  to  their  appli¬ 
cation,  integrating  a  water-cooling  device  with  a  thermoelectric 
cooler  increases  the  cooling  performance  when  the  heat  load  is 
less  than  a  maximum  value  (57  W  in  their  case).  Gupta  et  al.  [25] 
specify  that  with  a  high  Seebeck  coefficient,  the  cooling  capacity  of 
the  heat  sink  can  be  an  issue,  while  the  figure  of  merit  of  the 
thermoelectric  modules  can  be  increased.  They  suggest  enhance¬ 
ment  of  the  cooling  capacity  of  a  thermoelectric  cooler  by  using 
ultra-thin  thermoelectric  cooler  modules. 


5.2.  Cooling  capacity  for  multi-stage  thermoelectric  coolers 

When  a  single-stage  thermoelectric  cooler  is  not  able  to  work 
with  the  temperature  difference  needed  for  the  specific  applica¬ 
tion,  it  is  possible  to  use  multi-stage  configurations  to  extend 
the  temperature  difference  that  can  be  considered  [7,43,44], 
Studies  on  the  cooling  capacity  of  one-  and  two-stage  thermo¬ 
electric  micro-coolers  without  taking  into  account  the  Thomson 
effect  are  reported  in  [45],  specifying  that  the  techniques  of 
integrated  circuit  and  micro-electromechanical  manufacturing 
are  essential  for  thermoelectric  cooling  development.  To  reduce 
the  Joule  heat  effect  and  to  increase  the  cooling  capacity  of  a 
thermoelectric  cooler  (that  is,  to  improve  the  cooling  perfor¬ 
mance),  the  Thomson  heat  is  considered  positive.  Cheng  and  Shih 
[46]  obtain  the  maximization  of  Q,c  and  COP  by  optimizing 
parameters  like  the  electrical  current  applied  and  the  number  of 
pairs  of  thermoelements  of  each  stage.  Their  approach  is  to 
compare  the  optimal  parameters  obtained  with  a  method  based 
on  genetic  algorithm  with  the  parameters  resulting  from  the 
analytical  method. 

Yu  and  Wang  [47]  carry  out  the  optimization  of  the  maximum 
COP  of  the  cascaded  thermoelectric  cooler  modules  taking  into 
account  the  maximum  cooling  capacity  Qc.  Their  computations 
indicate  that  the  cascaded  unit  with  three  stages  obtains  an 
increment  of  about  35.8%  in  cooling  capacity,  compared  with  a 
single-stage  thermoelectric  module.  They  obtain  at  the  same  time 
an  increment  of  the  cooling  capacity  by  increasing  the  applied 
electrical  current.  For  a  cascade  cooler,  Goldsmid  [7]  presents  the 
expression  of  the  cooling  rate  q,  per  unit  area  for  the  ith  stage, 
depending  on  the  COPof  the  ith  stage  and  on  the  cooling  rate  per 
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unit  area  of  the  /th  stage  q,  in  connection  with  the  heat  source 
<Ji  =  <j,(l  +COP,-1)(l  +COP,-\)-(l  +  COP,-1;)  (10) 

Also,  Goldsmid  [7]  reports  that  in  a  multi-stage  cooler  each 
stage  considered  from  the  heat  source  to  the  heat  sink  must  have  a 
cooling  capacity  bigger  than  the  one  of  the  previous  stage.  In  fact, 
each  stage  rejects  both  the  heat  extracted  from  the  previous  stage 
and  the  Joule  heat  produced  at  that  stage. 


6.  Assessment  of  the  coefficient  of  performance  (COP) 

6.1.  Classical  expression  of  the  COP 


The  COP  for  thermoelectric  refrigerators  is  given  by  expression 
(4).  The  COP  values  mainly  depend  on  the  temperatures  at  the  two 
sides  of  the  thermoelectric  element.  This  fact  is  well  indicated 
starting  from  the  definition  of  the  (ideal)  Carnot  COP,  here 
indicated  as  COPc,  that  considers  the  temperatures  of  the  hot 
source  Th  and  of  the  cold  source  Tc: 


Tc 

Th-Tc 


01) 


The  classical  expression  of  the  COP,  corresponding  to  the 
maximum  COP  [3]  used  for  sizing  the  thermoelectric  element 
[7,21,47],  can  be  written  by  introducing  a  further  relative  term 
COPr  that  takes  into  account  the  figure  of  merit  of  the  module  Z 
expressed  as  in  (1)  and  the  average  temperature  T  =  ((Th  +  Tc)/2), 
so  that 


COP  =  COPc  COPr 


(12) 


Cold  side  temperature  Tc 


Cold  side  temperature  Tc 


Fig.  3.  Values  of  COP  and  of  the  relative  component  COPr  for  different  thermo¬ 
electric  figures  of  merit  Z,  at  fixed  hot  side  temperature  Th= 300  K.  (a).  COP  values 
and  (b)  relative  component  COPr. 


with 


(13) 


Fig.  3  reports  the  Carnot  COP,  the  COP  and  the  term  COPr  for  a 
thermoelectric  device  operating  at  fixed  hot  side  temperature 
Tu=3 00  K,  in  function  of  the  cold  side  temperature  Tc,  using 
different  values  of  Z. 

The  classical  COP  expression  is  simplified,  as  it  neglects  the 
following  terms: 


•  the  Thomson  effect, 

•  the  dependence  on  temperature  of  the  characteristics  of  the 
materials, 

•  the  effects  of  the  electrical  contact  resistances,  and 

•  the  effects  of  the  thermal  resistances. 


These  simplifications  have  been  addressed  by  various  authors, 
with  the  results  indicated  in  the  following  subsections. 


6.2.  Impact  of  the  Thomson  effect 

The  Thomson  effect  is  given  by  generation  or  absorption  of  a 
heat  quantity  in  a  homogeneous  conductor,  in  which  an  electric 
current  flows  and  where  there  is  a  temperature  gradient.  The  heat 
absorption  is  achieved  for  one  sense  of  electric  current  flowing 
through  the  conductor,  and  the  heat  generation  is  achieved  for  the 
reverse  sense  of  electric  current. 

Conventionally,  the  Thomson  effect  is  considered  to  be 

•  positive,  when  the  hot  end  has  a  high  voltage  and  the  cold  end 
has  a  low  voltage.  Heat  is  generated  when  the  current  flows 
from  the  hotter  end  to  the  colder  end,  and  heat  is  absorbed 
when  the  current  flows  from  the  colder  end  to  the  hotter  end. 

•  negative,  when  the  hot  end  has  a  low  voltage  and  the  cold  end 
has  a  high  voltage.  Heat  is  generated  when  the  current  flows 
from  the  colder  end  to  the  hotter  end,  and  heat  is  absorbed 
when  the  current  flows  from  the  hotter  end  to  the  colder  end. 
Some  metals  have  negative  Thomson  coefficients  (e.g.,  Co,  Bi, 
Fe,  Hg,  etc.). 

The  representative  parameter  is  the  Thomson  coefficient  z 
according  to  which  the  generated  heat  flux  Q  is  proportional  to 
the  thermal  gradient  V  T  and  to  the  electric  current  I  which  flows 
through  the  conductor 

Q=  —tIVT  (14) 

In  Rowe  [37]  an  expression  of  the  COP  is  obtained  without 
taking  into  account  the  Thomson  effect  and  considering  that  the 
material  properties  do  not  depend  on  the  temperature.  For 
thermoelectric  elements,  the  Thomson  effect  is  taken  into  account 
in  a  simplified  analytical  study  in  [48],  leading  to  the  conclusion 
that  its  influence  on  the  COP  is  about  2%.  Huang  et  al.  [49]  explain 
the  influence  of  the  Thomson  effect  by  simulating  the  temperature 
distribution  and  the  COP  for  one-stage  thermoelectric  devices  in 
which  the  temperatures  on  the  cold  and  hot  sides  are  considered 
to  be  known.  In  [49],  the  Thomson  effect  is  also  associated  with 
the  reduction  of  the  Fourier  and  Joule  heating  on  the  cold  surface. 
The  temperature  distribution  and  the  cooling  power  have  been 
analytically  studied,  observing  that  both  of  them  are  affected  by 
the  Thomson  effect.  Huang  et  al.  [50]  indicate  that  the  thermo¬ 
electric  cooler  performance  can  be  improved  by  increasing  the 
figure  of  merit  of  the  thermoelectric  materials,  as  well  as  taking 
into  account  the  Thomson  effect.  Fraisse  et  al.  [51]  indicate  that 
including  the  contribution  of  the  Thomson  effect  as  an  additive 
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term  in  the  cooling  capacity  and  electrical  power  equations  is  valid 
only  if  the  temperature  dependence  of  the  Seebeck  coefficient  is 
taken  into  account. 

The  COP-dependence  on  the  Thomson  effect  is  addressed  in 
[52],  by  representing  in  a  bi-dimensional  map  the  COP  with 
respect  to  the  dimensionless  entropy  flux  (proportional  to  the 
power  output  or  cooling  capacity).  For  a  positive  Thomson  coeffi¬ 
cient,  the  Thomson  effect  results  in  reducing  the  maximum  COP  by 
about  7.1%,  as  well  as  in  reducing  the  cooling  capacity  by  about  7%. 
Conversely,  with  a  negative  Thomson  coefficient,  both  COP  and 
cooling  capacity  can  be  improved  [53], 

Yamashita  [54]  reports  that  some  material  properties  are 
not  function  of  the  temperature,  observing  a  big  influence  of 
temperature-dependent  properties  for  designing  high  perfor¬ 
mance  of  the  thermoelectric  cooler  device.  Cherkez  [55]  describes 
some  possibilities  for  improving  the  COP  of  a  thermoelectric  air 
conditioner  with  a  combined  action  of  thermoelectric  effects  and 
the  Joule-Thomson  effect.  The  results  obtained  show  that  the  COP 
has  been  increased  by  60-70%  in  comparison  with  conventional 
thermoelectric  systems  (impermeable  thermoelement  coolers), 
and  by  5-8%  in  comparison  with  permeable  thermoelements  with 
minor  Joule-Thomson  effect. 

Chen  et  al.  [56]  study  the  distribution  of  cooling  power  and  the 
COP  for  three  different  thermoelectric  cooling  modules  and  two 
temperature  differences,  taking  into  account  or  disregarding  the 
Thomson  effect.  A  big  impact  of  the  Thomson  effect  is  observed  on 
the  temperature  distribution.  In  particular,  the  Thomson  effect  has 
a  greater  impact  on  the  P-type  element  with  respect  to  the  N-type 
element  of  the  thermoelectric  cooler.  Also,  the  numerical  compar¬ 
ison  presented  in  [56]  demonstrates  that  in  the  presence  of  the 
Thomson  effect  there  is  an  improvement  of  COP  as  well  as  an 
important  increment  of  the  cooling  power  on  the  basis  of  the 
increment  of  the  number  of  miniature  thermoelectric  coolers  in  a 
module. 


of  merit  Z  of  a  single  module  is  written  as 


Z  = 


zi 

l+n 


(15) 


in  which  the  term  n  depends  on  the  electrical  contact  resistivity 
between  the  thermoelements  and  the  copper  stripes  and  on 
the  electrical  resistivity  of  the  thermoelement  materials,  while 
z=(a2/pk)  is  the  figure  of  merit  of  the  thermoelectric  materials 
employed  (which  depends  on  the  Seebeck  coefficient  of  the  ther¬ 
moelectric  materials,  the  electrical  resistivity  p  and  the  thermal 
conductivity  of  the  thermoelement  k)  and  /  is  the  thermoelement 
length  (Fig.  2).  As  indicated  in  [21  ],  a  typical  value  for  the  entry  n  is 
0.1  mm  for  commercial  modules. 

By  considering  only  the  electrical  contact  resistance,  the  COP  of 
a  single  thermoelectric  module  has  the  following  expression  [21]: 

(  Jl+(zl/(!+ri))T-(Th/Tc)\ 

COP  =  COPc  V — _ - =  (16) 

\  y  l  +  (zl/(/+n))T+l  ) 


By  applying  formula  (12)  of  COP,  in  which  COPr  is  replaced  with 
the  modified  term  COP„,  and  rewriting  the  term  COPv  in  such  a 
way  to  introduce  the  ratio  n/l  explicitly,  the  following  expression 
is  obtained: 


COP  =  COPc  COPv  (17) 


\  y  1  +  (zT/(l  +  (n/0)) + 1  ) 

Fig.  4  reports  the  COP  and  the  term  COP„  for  a  thermoelectric 
device  operating  at  fixed  hot  side  temperature  T/,=300K,  in 
function  of  the  cold  side  temperature  Tc,  using  values  of  the  ratio 
n/l  consistent  with  the  quantities  indicated  in  [21], 


6.3.  Dependence  on  temperature  of  the  characteristics  of  the 
materials 

The  analysis  of  the  dependence  on  temperature  of  the  char¬ 
acteristics  of  thermoelectric  materials  is  considered  in  [54]  as  an 
important  point  in  order  to  obtain  a  suitable  design  of  thermo¬ 
electric  devices  able  to  guarantee  a  relevant  performance.  Mitrani 
et  al.  [57]  include  the  temperature-dependence  of  the  parameters 
of  thermoelectric  elements  in  a  simulation-based  study.  Huang 
et  al.  [49]  suggest  that  in  the  equation  of  the  Seebeck  coefficient, 
the  temperature-dependence  of  the  Seebeck  coefficient  (as  well  as 
the  Thomson  coefficient)  can  be  controlled  through  a  control  of 
the  Fermi  energy. 
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6.4.  Effects  of  the  electrical  contact  resistances 

The  theory  reported  in  [58]  concerns  the  estimation  of  COP  on 
large-dimension  thermoelectric  modules,  in  which  the  electrical 
and  thermal  contact  resistances  are  neglected.  The  same  analysis 
(neglecting  the  electrical  and  thermal  contact  resistances)  was 
made  in  the  case  of  short  thermoelectric  modules,  but  the  COP 
results  were  inadequate.  Min  and  Rowe  [21]  and  Min  [59]  present 
an  efficient  simplified  model  considering  both  the  thermal  and 
electrical  contact  resistances  for  modeling  of  small-dimension 
thermoelectric  cooling  modules  advantageous  for  analysis  and 
optimal  design.  The  improved  simplified  model  presented  in  [21  ] 
shows  that  the  COP  does  not  depend  on  the  thermoelement  length 
when  the  electrical  and  thermal  contact  resistances  are  neglected. 
By  neglecting  only  the  thermal  contact  resistances  and  taking  into 
account  the  electrical  resistance  of  the  thermoelement,  the  figure 
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Fig.  4.  Values  of  COP  and  of  the  modified  relative  component  COP„  for  different 
ratios  n/l,  at  fixed  hot  side  temperature  T(1=300  K.  (a).  COP  values  and  (b)  relative 
component  COP„. 
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According  to  Rowe  [2],  the  COP  of  the  thermoelectric  module 
can  be  improved  up  to  60%  by  reducing  the  electrical  contact 
resistances.  In  a  recent  study,  Annapragada  et  al.  [60]  illustrate  a 
numerical  simulation  and  experimental  assessment  of  the  thermal 
resistances  and  of  the  electrical  contact  resistivity.  The  latter  has 
been  calculated  on  the  basis  of  the  difference  between  the  power 
consumption  of  the  thermoelectric  modules  obtained  with  and 
without  considering  the  resistance  of  the  electrical  contacts  in 
the  model. 

A  different  approach  to  construct  an  expression  of  COP  taking 
into  account  the  electrical  resistances  has  been  followed  in  [61], 
This  approach  assumes  that  the  electrical  resistivity,  the  thermal 
conductivity  and  the  Seebeck  coefficient  change  linearly  with  the 
temperature.  The  resulting  formulation  of  COP  is  obtained: 


COP=  COPc  COPr  COPB 


1  dp(T)\ 

~WTsr  |t=t 


jfTh-Tef 

8Tc  (s/\  +ZT— (Th/Tc)) 
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6.5.  Effects  of  the  thermal  resistances 

The  thermal  resistances  are  addressed  as  indicated  in  [2,21  ],  by 
taking  into  account  the  ratio  %  between  the  thermal  conductivity 
of  thermoelements  and  contact  layers,  and  the  thickness  of  the 
contact  layer  y,  defined  in  Section  5.1. 

On  the  basis  of  the  changes  introduced,  it  is  no  longer  possible 
to  separate  completely  the  terms  due  to  the  thermal  resistances 
from  the  other  terms  defining  the  COP.  A  possible  form  of  the  final 
equation  of  the  COP  can  be  written  as 


xy 


1 


(22) 


(19) 


where  COPr  has  been  defined  in  (13),  and  the  term  COPB  takes  into 
account  the  normalized  temperature-dependence  of  the  electrical 
resistivity  p(T)  at  the  average  temperature  T,  introduced  by  the 
term  B  with  the  following  definition: 


(20) 


The  resulting  expression  of  COPB,  elaborated  from  [61]  with 
notation  consistent  with  the  one  adopted  in  this  paper,  is 


(21) 


The  COP  of  the  cooling  module  is  found  to  depend  heavily  on 
the  magnitude  and  sign  of  the  term  B.  Fig.  5  reports  the  COP  and 
the  term  COPB  for  a  thermoelectric  device  operating  at  fixed  hot 
side  temperature  Th= 300  K,  in  function  of  the  cold  side  tempera¬ 
ture  Tc,  using  values  of  B  having  the  order  of  magnitude  indicated 
in  [61]. 
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Fig.  5.  Values  of  COP  and  of  the  component  COPB  for  different  values  of  the 
normalized  temperature-dependence  of  electrical  resistivity  B,  at  fixed  hot  side 
temperature  Th=300  K.  (a)  COP  values  and  (b)  relative  component  COP„. 


In  practice,  for  obtaining  a  high  COP  a  thermoelement  has  to  be 
relatively  long.  The  effect  of  temperature-dependence  on  ther¬ 
mal  resistivity  is  shown  in  [61]  under  the  hypothesis  of  linear 
dependence  of  thermal  resistivity  on  temperature.  Chang  et  al. 
[62]  develop  a  model  of  thermal  resistance  in  order  to  set  up  the 
thermal  performance  of  the  thermoelectric  air-cooling  module. 
A  comparison  is  carried  out  between  the  use  of  a  heat  sink,  of  a 
thermoelectric  module  or  a  combination  of  the  two  compo¬ 
nents.  A  region  of  effective  operation  is  identified,  in  which  a 
combination  of  the  two  components  has  a  better  performance 
with  respect  to  using  the  heat  sink  only.  Pettes  et  al.  [63]  adopt 
the  common  single-stage  thermoelectric  refrigerator  theory  to 
justify  the  presence  of  the  thermal  and  electrical  contact 
resistances.  They  compute  the  optimal  thermoelement  length 
for  maximizing  the  COP  for  a  specified  cooling  capacity.  There¬ 
fore,  they  obtain  a  reduction  by  at  least  10%  of  the  peak  heat 
removal  capability  with  a  reduction  of  the  thermal  contact 
conductance  by  a  factor  of  ten,  and  a  reduction  of  the  maximum 
COP  of  at  least  50%  by  increasing  the  interconnect  electrical 
resistance  up  to  or  above  ten  times  the  electrical  resistance  of 
the  legs.  Jeong  [64]  proposes  a  new  one-dimensional  analytical 
model  taking  into  account  the  contact  resistances,  obtaining  a 
raise  of  the  optimal  current  at  the  same  time  as  the  increment  of 
the  cooling  capacity  and  the  reduction  of  the  temperature 
difference  between  the  hot  and  cold  sides.  A  reduction  of  the 
optimal  thermoelement  length  with  the  cooling  capacity 
increase  is  obtained  as  well. 

6.6.  Considerations  on  the  COP  dependencies 

By  considering  the  simplifications  in  the  COP  definition 
through  analytical  models,  the  literature  has  addressed  other 
types  of  dependencies  of  the  COP,  mainly  through  simulations 
followed  by  experimental  validation.  One  of  the  main  aspects  of 
the  studies,  either  with  analytical  or  simulation  models,  is  the 
presence  of  structures  of  finite  dimension,  with  the  need  of  setting 
up  appropriate  boundary  conditions.  For  example,  in  [65]  the 
comparison  between  the  numerical  and  simulation  models  used 
leads  to  a  relative  error  of  7%. 

In  this  respect,  it  is  possible  to  indicate  the  following  results: 

a)  COP  dependence  on  thermoelement  length: 

The  conventional  theory  is  valid  with  long  thermoelements, 
as  the  COP  increases  for  growing  thermoelement  length  [2[. 
Flowever,  for  shorter  thermoelement  length  the  contact  resis¬ 
tance  becomes  closer  to  the  resistance  of  the  legs,  affecting  the 
COP  more  significantly.  For  example,  in  an  application  pre¬ 
sented  in  [2]  a  high  reduction  of  the  COP  appears  when  the 
length  of  the  thermoelement  is  lower  than  1.5  mm. 

The  charts  of  COP  with  respect  to  thermoelement  length  for 
different  electrical  contact  resistances  as  well  as  for  different 
thermal  contact  parameters  show  an  exponential-like  variation 
[21]. 


912 


D.  Enescu,  E.O.  Virjoghe  /  Renewable  and  Sustainable  Energy  Reviews  38  (2014)  903-916 


b)  COP  dependence  on  temperature  difference  and  current: 

The  COP  is  a  function  of  the  temperature  difference.  In 
particular,  the  COP  increases  when  the  temperature  difference 
decreases.  By  considering  a  thermoelectric  refrigerator  used  in 
household  applications,  generally  the  temperature  difference 
has  to  reach  25-30  K  in  order  to  obtain  an  appropriate  cooling 
effect.  In  these  conditions,  the  COP  of  the  thermoelectric 
refrigerator  can  reach  values  about  0.5-0.7,  namely,  about 
50%  of  the  COP  of  a  commercial  compressor-type  refrigerator 
[2],  Du  and  Wen  [66]  indicate  that  the  maximum  COP  of  the 
thermoelectric  elements  can  be  detected  when  the  current  is  so 
small  as  to  make  temperature  difference  of  about  zero.  If  the 
current  continues  to  decrease  and  the  temperature  difference  is 
less  than  zero,  a  reduction  of  COP  is  observed.  The  higher 
values  of  COP  can  be  observed  when  the  temperature  differ¬ 
ence  continues  to  drop,  as  well  as  the  head  load  is  added. 


the  system  analyzed  is  2.33  W  and  the  maximum  COP  of  the 
refrigerator  is  0.54  when  the  cooling  temperature  difference  is 
10  K.  The  maximum  COP  decreases  by  26%  and  the  maximum 
cooling  load  by  34%  due  to  the  thermal  resistances.  The  perfor¬ 
mance  of  the  water-cooling  thermoelectric  refrigerator  can  be 
improved  by  optimizing  the  length  and  cross-section  area  of  the 
thermoelectric  elements.  Chen  et  al.  [56]  show  an  application  in 
which  the  optimal  currents  with  and  without  the  Thomson  effect 
are  less  than  the  currents  without  the  temperature  difference. 
They  also  obtain  an  increment  of  the  temperature  difference  due 
to  the  influence  of  the  Thomson  effect. 


6.7.  Indications  for  COP  improvement 

From  the  results  outlined  above,  the  following  indications  arise 
on  how  to  increase  the  COP: 


Goldsmid  [67]  proposed  the  following  expression  of  the  electric 
current  corresponding  to  the  maximum  COP: 


«P,N 

Ip+Rjv) 


(23) 


where  T  is  the  average  temperature,  RP  and  RN  are  the  electrical 
resistances  of  the  P-type  and  N-type  thermoelement  legs,  respec¬ 
tively,  and  opjv  =  aP  -  aN,  in  which  aP  and  aN  are  the  absolute 
Seebeck  coefficients  of  N-type  and  P-type  semiconductors, 
respectively. 

The  application  shown  in  [68]  indicates  a  COP  drop  on  a 
thermoelectric  cooler  from  4.5  to  0.3  when  temperature  differ¬ 
ences  vary  from  5  °C  (with  current  of  1  A)  to  30  °C  (with  current  of 
5  A),  and  report  some  linearized  curves  of  the  COP  with  respect  to 
the  temperature  difference  at  constant  current.  However,  the 
relation  between  the  temperature  difference  and  the  current  is 
not  clearly  linear.  Perez-Aparicio  et  al.  [69]  analyze  the  COP 
behavior  versus  the  extracted  heat  when  there  is  a  current 
increment.  At  small  currents  both  COP  and  extracted  heat  increase, 
while  the  Peltier  effect  prevails  over  the  Joule  effect.  At  the 
maximum  current  indicated  by  the  manufacturer,  the  Joule  effect 
becomes  prevalent  over  the  Peltier  effect  and  both  COP  and 
extracted  heat  decrease.  For  a  given  COP  value,  there  are  two 
possible  current  outcomes,  one  of  which  is  at  low  current 
(corresponding  to  low  extracted  heat),  while  the  other  one  is  at 
high  current  (corresponding  to  high  extracted  heat).  Du  and  Wen 
[66]  report  an  expression  of  COP  in  which  the  current  appears 
explicitly,  defined  by  taking  into  account  the  Seebeck  effect  (with 
Seebeck  coefficient  ah  at  the  hot  side)  and  the  Fourier  effect  (with 
thermal  conductivity  k)  for  a  thermoelement  with  p  pairs  of 
semiconductors  and  cross-section  S  of  the  semiconductor  of 
P-type,  as  follows: 


2pIahTh-2pkS!g\x  =  h-(lc 


(24) 


where  the  linear  coordinate  x  is  defined  starting  from  the  hot  side 

(x«h). 

Rowe  [2]  and  Chen  et  al.  [56]  show  the  COP-dependence  on  the 
current  by  the  following  expression: 

C0P  =  ae,NlTc-(R}2/2)-kAT 
apjylAT+RI2 


which  emphasizes  that  the  maximum  COP  does  not  depend  on  the 
number  of  thermoelectric  cooler  pairs  in  a  module. 

Meng  et  al.  [70]  present  a  model  of  water-cooling  thermo¬ 
electric  refrigerator,  which  consists  of  127  thermoelectric  elements 
with  finned  heat  exchanger  by  introducing  finite  time  thermo¬ 
dynamics.  Their  studies  show  that  the  maximum  cooling  load  for 


a)  Optimize  the  heat  dissipation:  for  example,  Astrain  et  al.  [71] 
developed  a  device  based  on  thermosyphon  with  phase  change, 
aimed  at  distributing  the  heat  flow  referring  to  the  hot  side  of  a 
Peltier  module  in  the  surface  of  a  finned  heat  sink.  Improving 
heat  transfer  is  a  key  aspect  to  increase  COP.  Riffat  and  Ma  [15] 
indicate  that  the  COP  of  a  thermoelectric  refrigerator  is  typi¬ 
cally  less  than  0.5  when  operating  at  temperature  difference  of 
about  20  °C.  Rowe  [2]  reports  on  the  existence  of  thermo¬ 
electric  refrigeration  systems  capable  of  operating  with  COP 
higher  than  unity  to  provide  temperature  differences  of  or 
above  20  °C  with  respect  to  the  ambient. 

b)  Reduce  the  electrical  contact  and  thermal  resistances:  for 
example,  Bierschenk  and  Johnson  [72]  illustrate  how  optimized 
configurations  of  thermoelectric  coolers  are  able  to  provide  a 
negative  thermal  resistance  in  the  operation  at  high  COP,  giving 
the  possibility  of  extending  the  limits  of  air  cooling  devices  for 
electronics  applications.  For  microprocessor  applications, 
embedded  thermoelectric  cooling  has  been  introduced  in  [73] 
to  provide  cooling  of  localized  hot  spots  by  using  thin  thermo¬ 
electric  devices  operating  with  high  heat  flux  and  high  COP. 
The  need  for  improving  contact  resistances  in  solar  thermo¬ 
electric  refrigerators  for  increasing  the  COP  is  indicated  in  [74], 

c)  Use  new  materials,  e.g.,  with  negative  Thomson  effect  [53], 

d)  Use  multi-stage  modules. 

With  reference  to  the  latter  point,  multi-stage  thermoelectric 
cooling  modules  are  useful  when  usual  one-stage  thermoelectric 
cooling  modules  are  not  able  to  provide  the  required  temperature 
difference.  Additional  stages  increase  the  temperature  difference 
AT  between  heat  source  and  heat  sink,  but  lead  to  higher  power 
consumption  and  to  reduction  of  the  thermoelectric  system 
efficiency.  Optimized  thermoelectric  materials  are  used  for  cas¬ 
cades  of  three-  and  four-stage  thermoelectric  cooling  modules. 
Generally,  the  multi-stage  modules  can  be  used  when  the  tem¬ 
perature  on  the  cold  side  is  lower  than  the  temperature  of  a  one- 
stage  cooler,  as  well  as  when  the  desired  temperature  change 
between  the  cold  and  the  hot  sides  cannot  be  obtained. 

In  [37]  it  is  reported  that  the  number  of  stages  increases  while 
the  minimum  temperature  on  the  cold  side  is  reduced,  and  in  [75] 
it  is  specified  that  the  COP  increases  at  the  same  time  with 
increasing  the  number  of  stages.  Chen  et  al.  [43]  analyze  the 
performance  of  a  two-stage  and  a  single-stage  thermoelectric 
refrigeration  system,  obtaining  a  higher  maximum  COP  and 
smaller  maximum  rate  of  refrigeration  for  the  two-stage  thermo¬ 
electric  refrigeration  system  than  for  the  single-stage  one.  For  a 
system  with  M  stages,  Goldsmid  [7]  explains  the  connection 
between  the  COPM  of  the  multi-stage  module  and  the  COP  of 
one-stage  by  using  the  following  expression  for  determining  the 
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COP  of  the  cascade,  also  linked  to  (10): 


hybrid  refrigerator  [19] 


l+COP^1  =  (1  +  COP_1)m 
from  which 


COPM 


(1  +  COP_1)M-l 


(26) 


(27) 


Yu  and  Wang  [47]  propose  a  multi-stage  structure  having 
variable  leg  length,  namely,  the  leg  length  decreases  from  the  cold 
side  to  the  hot  side.  In  the  same  paper,  a  procedure  for  determin¬ 
ing  the  maximum  COP  through  numerical  calculations  is  indicated. 
The  result  obtained  shows  that  three-stage  cascaded  units  can  lead 
to  about  25%  COP  improvement  and  about  36%  improvement  in 
the  cooling  capacity  with  respect  to  the  single-stage  modules  with 
the  same  leg  length.  The  maximum  COP  for  a  single-stage  thermo¬ 
electric  module  for  an  optimum  current  depends  on  the  figure  of 
merit  of  the  thermoelectric  material,  as  well  as  on  the  temperature 
difference  between  the  hot  and  cold  sides  [47],  For  a  fixed  hot  side 
temperature,  the  maximum  COP  decreases  according  to  an  incre¬ 
ment  of  the  temperature  difference  between  the  hot  side  and  the 
cold  side. 

Karimi  et  al.  [44]  analyze  the  performance  of  multi-stage 
thermoelectric  cooling  coolers  (a  pyramid-type  multi-stage  ther¬ 
moelectric  cooler  with  up  to  10  stages)  for  assessing  its  advantages 
in  comparison  with  one-stage  thermoelectric  coolers,  taking  into 
account  the  maximum  heat  flux  and  the  overall  COP.  They 
consider  the  COP  and  the  thermal  resistance  of  a  heat  sink  as 
key  parameters  in  order  to  obtain  analytical  formulas  for  COP  and 
heat  sink  thermal  resistance  versus  electrical  current.  They 
observe  that  the  optimal  design  of  a  multi-stage  thermoelectric 
cooler  is  made  in  accordance  with  the  maximum  COP  and  the  best 
heat  sink  technology.  Ma  and  Yu  [76]  present  a  new  analytical 
model  of  two-stage  cascade  thermoelectric  cooler.  According  to 
their  study,  the  maximization  of  COP  is  obtained  for  a  certain  ratio 
between  the  leg  length  at  different  stages,  and  a  COP  deterioration 
is  obtained  when  the  temperature  of  the  cold  side  is  high  and  the 
ratio  of  the  first-stage  leg  length  to  the  total  leg  length  is  relatively 
small.  Therefore,  a  two-stage  cascade  thermoelectric  cooler 
improves  the  operating  temperature  difference  and  is  more 
efficient  than  a  single-stage  thermoelectric  cooler  for  the  tem¬ 
peratures  at  which  both  coolers  can  operate. 


6.8.  Notes  on  the  COP  of  thermoelectric  cooling  applications 

Thermoelectric  cooling  has  various  applications  for  cooling 
electronic  devices  [6]  and  photovoltaic  (PV)  cells  [77]  and  for 
refrigerators  and  air  conditioners  in  the  households  [78],  Many 
practical  applications  have  been  constructed  benefiting  from  the 


Fig.  6.  Schematic  view  of  a  thermoelectric  cc 
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Fig.  7.  COP  values  of  thermoelectric  cooling  applications  in  function  of  the 
temperature  difference  between  the  hot  side  and  the  cold  side. 

evolution  of  the  technologies  in  the  recent  period,  with  various 
solutions  of  different  sizes. 

A  schematic  view  of  a  thermoelectric  cooling  application  is 
shown  in  Fig.  6,  in  which  the  thermoelectric  module  is  mounted 
on  the  top  of  the  compartment  to  be  refrigerated,  and  an  addi¬ 
tional  heat  exchanger  with  fins  is  placed  above  the  hot  side.  The 
system  can  be  integrated  with  additional  forced  air  circulation 
through  a  fan  located  above  the  finned  heat  exchanger.  Heat 
exchanger  and  fan  can  also  be  located  inside  the  refrigerated 
compartment. 

Some  notes  on  the  COP  values  found  in  various  applications  are 
presented  below,  also  with  reference  to  the  synthetic  representa¬ 
tion  shown  in  Fig.  7,  where  the  COP  is  represented  in  function  of 
the  temperature  difference  between  the  hot  side  and  the  cold  side. 

For  micro-cooling  applications,  the  simulations  carried  out  in  [79] 
concern  the  assessment  of  the  cooling  performance  of  thermoelectric 
micro-coolers  (with  thickness  of  the  thermoelectric  element  from 
5  to  20  pm)  with  the  three-dimensional  model.  A  COP  increasing 
with  the  reduction  of  temperature  difference  and  with  the  growth  of 
the  thickness  is  obtained.  The  maximum  COP  is  found  at  a  current 
lower  than  the  one  corresponding  to  the  maximum  cooling  rate. 
When  the  temperature  difference  increases,  the  current  at  maximum 
COP  becomes  large.  Thus,  the  cooling  performance  depends  on  the 
thickness  of  the  thermoelectric  element.  If  the  thickness  increases, 
the  maximum  COP  increases  as  well,  and  the  current  decreases. 
Conversely,  for  thermoelectric  elements  with  reduced  thickness,  the 
COP  becomes  relatively  low. 

An  application  of  a  thermoelectric  cooler  to  cooling  electronic 
devices  has  been  presented  in  [6],  It  is  reported  that  the  cooling 
capacity  and  the  COP  are  increasing  due  to  the  increment  of  the 
cold  side  temperature  and  the  reduction  of  the  temperature 
difference  between  the  hot  side  and  the  cold  side  of  the  thermo¬ 
electric  cooler.  The  possibility  of  obtaining  high  value  of  cooling 
capacity  is  limited  by  the  cold  side  temperature  and  the  thermal 
resistance  at  the  hot  side.  In  this  case,  microchannel  heat  sinks  are 
designed  to  operate  at  the  maximum  cooling  capacity  Qc  of  the 
thermoelectric  cooler. 

For  household  applications,  Bansal  and  Martin  [78]  deal  with 
the  cooling  performance  of  a  vapor  compression  system,  a  thermo¬ 
electric  refrigeration  system  and  an  absorption  refrigeration  sys¬ 
tem  by  comparative  analysis,  considering  a  temperature  difference 
of  11.6  °C  (that  is,  a  refrigerator  compartment  temperature  of  5  °C 
for  an  ambient  temperature  of  16.6  °C).  They  obtain  the  best  value 
of  COP  of  2.59  for  the  vapor-compression  system,  followed  by 
thermoelectric  refrigeration  system  with  the  COP  of  0.69  (reported 
in  Fig.  7)  and  the  absorption  refrigeration  system  with  the  COP 
of  0.47.  To  increase  the  performance  of  a  conventional  vapor 
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(c)  application  with  PCM  [84], 


compression  system,  Yang  et  al.  [80]  propose  the  utilization  of  a 
hybrid  thermoelectric  system  with  additional  liquid  subcooling. 

Prototypes  of  thermoelectric  refrigerators  have  been  analyzed 
in  [5],  with  different  types  of  heat  exchangers  (called  TER-1  with 
forced  convection,  TER-2  with  forced  convection  at  the  cold  side 
and  liquid  circulation  at  the  hot  side,  TER-3  with  liquid  circula¬ 
tion),  operating  at  temperature  differences  from  9  to  18  K.  The 
different  COP  values  are  shown  in  Fig.  7,  corresponding  for  TER-1 
to  different  input  powers,  for  TER-2  to  nominal  input  power,  and 
for  TER-3  estimated  from  an  experimental  procedure. 

A  number  of  configurations  using  hybrid  refrigerators  (combin¬ 
ing  thermoelectric  elements  with  vapor  compression  refrigerators) 
have  been  analyzed  in  [19,81  ].  The  main  idea  is  to  take  advantages 
both  from  the  high  COP  that  can  be  obtained  from  the  vapor 
compression  refrigerators  and  from  the  temperature  controllabil¬ 
ity  of  the  thermoelectric  devices.  The  different  configurations 
analyzed  differ  by  the  position  of  the  thermoelectric  devices  in 
the  compartments  of  the  refrigerator,  with  the  aim  of  cooling  a 
specific  (super-conservation)  compartment  of  the  refrigerator  at 
0  °C.  The  cold  side  of  the  thermoelement  is  placed  in  such  a  way  to 
be  connected  with  the  super-conservation  compartment.  For  the 
hot  side,  its  connection  with  the  external  part  of  the  refrigerator 
(Th  equal  to  the  ambient  temperature,  e.g.,  25-30  °C,  Fig.  8a)  was 
not  successful,  while  its  connection  with  another  compartment  of 
the  refrigerator  cooled  with  vapor  compression  at  a  temperature 
Th=  5  °C  (Fig.  8b)  provided  better  results,  with  COP  values  ranging 
from  1  to  2,  depending  on  the  thermal  resistances  of  the  hot  and 
cold  sides,  as  shown  in  Fig.  7. 

Hermes  and  Barbosa  Jr.  [24]  made  a  thermodynamic  analysis  of 
Peltier,  Stirling  and  vapor  compression  portable  coolers.  From  the 
tests  carried  out  at  ambient  temperatures  around  21  °C  the  Stirling 
cooler  has  the  highest  COP  =  1,  followed  by  the  vapor  compression 
systems  (about  1  with  reciprocating  compressor,  and  about  0.5  with 
linear  compressor)  and  by  the  thermoelectric  cooler  (COP^  0.2  for  a 
temperature  difference  of  24.8  K,  indicated  in  Fig.  7). 

Improvements  in  the  performance  of  thermoelectric  refrigerators 
have  been  obtained  by  using  two-phase  loop  thermosyphons  [82], 
A  thermoelectric  refrigerator  in  which  the  cold  side  of  a  Peltier 
module  is  in  contact  with  a  two-phase  and  capillary  lift  thermosy¬ 
phon,  while  the  hot  side  is  in  contact  with  a  two-phase  thermosy¬ 
phon  with  natural  convection  has  been  developed  in  [83],  For  the 
latter  system,  the  use  of  the  thermosyphons  increases  of  66%  the  COP 
of  the  thermoelectric  refrigerators.  In  a  further  application  [84],  a 
phase  change  material  (PCM)  has  been  introduced  in  the  refrigera¬ 
tion  compartment,  between  the  thermoelectric  system  and  the  heat 
exchanger  (Fig.  8c),  with  the  advantage  of  limiting  the  reduction  of 


the  internal  temperature  in  the  refrigerator  compartment  when  the 
door  is  open  or  after  a  power  supply  interruption. 

A  model  of  water-cooling  thermoelectric  refrigerator,  which 
consists  of  127  thermoelectric  elements  with  finned  heat  exchanger, 
is  presented  in  [70]  by  introducing  finite  time  thermodynamics.  The 
performance  of  a  multi-purpose  thermoelectric  refrigerator  is  ana¬ 
lyzed  in  [85],  showing  the  current,  differential  temperature  and  time 
by  controlling  the  cooling  system  at  ten  points.  A  reduction  of  the 
cold  side  temperature  in  time  is  also  considered. 

For  thermoelectric  refrigerators  powered  through  solar  cells, 
the  COP  of  the  refrigerators  is  typically  not  higher  than  0.6  [16]. 
From  the  experimental  analysis  carried  out  in  [86],  the  COP  values 
obtained  with  Tc=  5  °C  and  7/,  variable  from  30  to  50  °C  are  shown 
in  Fig.  7.  Taking  into  account  the  photovoltaic  system  efficiency 
r]pv,  the  total  efficiency  of  the  system  is  given  by  the  product  of  r/pv 
and  COP,  resulting  in  values  generally  lower  than  6%  [16],  The  total 
efficiency  may  increase  with  the  enhancement  of  the  photovoltaic 
system  efficiency  and  with  the  use  of  materials  with  better 
thermoelectric  performance. 

For  air  conditioning  applications,  Riffat  and  Qiu  [87]  report  a 
comparative  analysis  of  three  devices  for  domestic  air-conditioning 
(compression  air-conditioner,  absorption  air-conditioner,  and  ther¬ 
moelectric  air-conditioner).  According  to  their  study,  the  most 
efficient  one  is  the  vapor  compression  air-conditioner  having  the 
COP  of  2. 6-3.0,  followed  by  absorption  air-conditioner  with  the 
COPof  0.6  4-  0.7(single  effect  absorption)  and  thermoelectric  with  the 
COP  of  0.38  —  0.45.  However,  the  potential  interest  of  using  thermo¬ 
electric  air-conditioners  depends  on  the  fact  that  they  work  with  DC 
input  and  as  such  can  be  directly  connected  to  sources  like  photo¬ 
voltaic  cells,  fuel  cells  and  in  perspective  batteries  from  plug-in 
electric  vehicles.  Further  advantages  of  thermoelectric  air- 
conditioners  are  that  their  use  can  reduce  the  issues  due  to  noise 
and  adoption  of  ozone-depleting  chlorofluorocarbons  in  vapor  com¬ 
pression  air-conditioners. 


7.  Concluding  remarks 

Thermoelectric  cooling  is  one  of  the  main  applications  of  the 
thermoelectric  devices.  This  paper  has  reviewed  the  formulations 
of  the  parameters  representing  the  characteristics  and  perfor¬ 
mance  of  thermoelectric  cooling,  providing  indications  on  the 
different  formulations  of  these  parameters  in  order  to  take  into 
account  more  detailed  effects,  and  on  the  values  of  these  para¬ 
meters  found  in  different  applications  presented  in  the  recent 
literature.  In  particular,  on  the  point  of  view  of  the  materials, 
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micro-electronics  is  a  significant  field  of  application,  for  which  the 
absence  of  moving  parts  in  thermoelectric  devices  is  very  impor¬ 
tant.  Further  benefits  can  be  obtained  from  the  development  of 
thermoelectric  materials  with  higher  figure  of  merit,  passing  from 
the  values  of  ZT  values  around  unity  typical  of  the  best  commercial 
solutions  available  to  higher  values  (with  the  maximum  experi¬ 
mental  ZT  value  of  about  3  at  550 1<  reported  in  [88]),  as  well  as 
from  the  development  of  dedicated  multi-stage  structures  provid¬ 
ing  enhancements  in  the  cooling  capacity  (e.g.,  over  35%  of 
improvement  for  a  three-stage  module  with  respect  to  the 
single-stage  module  is  indicated  in  [47]). 

Concerning  performance  aspects,  for  cooling  applications  in 
households  conceived  in  a  traditional  way  (e.g.,  refrigerators 
operating  with  a  fixed  temperature  set  point)  the  thermoelectric 
devices  exhibit  COP  values  typically  below  0.5  for  temperature 
differences  of  20  K  or  higher.  In  this  respect,  thermoelectric 
refrigeration  is  not  competitive  with  alternative  solutions  such  as 
vapor-compression  refrigerators  (with  COP  of  about  2.5).  However, 
the  interest  in  the  use  of  thermoelectric  refrigerators  is  increasing 
because  of  their  useful  controllability  features.  In  fact,  partial  load 
operation  is  readily  available  by  changing  the  electric  current. 
Furthermore,  the  COP  increases  when  the  cooling  power  is 
reduced.  In  this  way,  solutions  in  which  thermoelectric  refrigera¬ 
tors  are  exploited  (as  individual  equipment  or  as  a  part  of  hybrid 
solutions  with  vapor-compression  and  thermoelectric  compart¬ 
ments)  become  of  clear  interest  to  be  integrated  in  a  structure  for 
demand-side  management  when  flexible  electrical  demand  is 
required.  The  key  point  is  to  obtain  flexibility  in  the  electrical 
demand  without  deteriorating  the  cooling  effect.  In  this  respect, 
the  cooling  power  variations  have  to  be  scheduled  in  such  a  way 
that  the  temperature  inside  the  refrigeration  compartment 
remains  within  user-specified  boundaries.  An  additional  contribu¬ 
tion  to  this  flexibility  may  come  from  the  introduction  of  a  PCM  in 
the  refrigeration  system.  For  example,  the  test  carried  out  in  [84] 
showed  that,  for  a  refrigerator  with  PCM,  after  turning  the  power 
supply  off  the  internal  temperature  rose  four  times  more  slowly 
than  in  the  conventional  system  without  PCM,  thus  improving  the 
performance  of  thermoelectric  refrigeration.  The  capability  of  this 
system  to  limit  the  reduction  of  the  internal  temperature  in 
particular  conditions  (e.g.,  door  open  or  after  electrical  power 
supply  interruptions)  [89],  provides  additional  value  to  the  refrig¬ 
erator  as  a  flexible  electrical  load. 

Modularity  is  a  further  key  advantage  of  thermoelectric  devices 
for  many  applications.  In  addition,  these  devices  do  not  exhibit 
issues  about  noise,  thus  being  of  interest  in  many  cases  in  which 
noise  may  be  a  relevant  factor,  such  as  air-conditioning  in  house¬ 
holds  and  in  vehicles.  Moreover,  a  key  benefit  is  the  possibility  of 
introducing  thermoelectric  cooling  to  replace  other  cooling  sys¬ 
tems  using  polluting  refrigerants  in  locations  in  which  the  envir¬ 
onmental  impact  is  critical. 

Solutions  providing  flexible  electrical  loads  are  particularly 
suitable  to  be  part  of  the  evolving  scenario  toward  the  deployment 
of  ‘smart’  energy  systems  and  buildings  [90,91],  In  this  context, 
further  assets  of  the  thermoelectric  systems  include  their  rever¬ 
sible  operation  as  heaters  or  coolers  obtainable  by  changing  the 
direction  of  the  electrical  current.  Specific  results  on  the  flexibility 
aspects  of  demand-side  management  using  thermoelectric  cooling 
devices  will  be  reported  in  future  contributions. 
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